Experimental examination of the accommodative responses to a stereoscopic 3-D display found that accommodation was elicited by convergence and moved to the stereoscopic distance of the 3-D image. Immediately after the depth of the target was changed, the magnitude of response was smaller than that for a real target, but when the subjects fixated on the 3-D images, the responses were in almost the same position as the position of 3-D images. Measurement of accommodation response time after the subjects viewed 3-D images showed an afteraffect on the far-to-near accommodation response. The results are discussed in terms of the mismatch of accommodation and convergence in stereoscopic 3-D images and of the interaction between accommodation and convergence in human eyes.
Introduction
Stereoscopic three-dimensional ͑3-D͒ displays that make use of binocular disparity techniques are known to be effective. Recent progress in image technology and the combination of this technology with highly developed computers have facilitated the creation of stereoscopic 3-D images that can be used as fundamental components to produce artificial spaces and objects in a virtual reality environment. 1, 2 It is also known, however, that the perceived depth of stereoscopic 3-D images is smaller than expected and that observers become visually fatigued while they watch stereoscopic 3-D displays. Investigation of these phenomena is a basic issue in stereoscopic 3-D display technologies because of the recent increase in the application of stereoscopic 3-D images. These phenomena result mainly from the fact that the 3-D spaces that are represented by stereoscopic 3-D images are artificial spaces and they differ from real spaces in that the objects that the observer perceives through 3-D glasses do not really exist. These stereoscopic 3-D images do not provide all of the depth cues normally available to the human visual system. Research into how the human visual system responds to stereoscopic 3-D images and how these images influence our visual functions is expected to assume increasing importance.
A large number of psychological and psychophysical studies have been made concerning the binocular depth perception of the human visual system, a subject that is closely related to stereoscopic 3-D images. Much important work was done by Julesz and his colleagues. They revealed the characteristics of binocular information processing by using random-dot stereograms, which do not give any monocular depth cues, as binocular stimuli. 3, 4 Other studies have also contributed to stereoscopic 3-D display technologies. For example, results of the experiments on the binocular fusional area 5, 6 limit the amount of disparity included in stereoscopic 3-D images. Ogle's study on the stereoscopic images with exposure delay between images to the two eyes 7 showed how we can perceive stereoscopic depth with a timesequential type of 3-D display system with liquid crystal shutters, which is now one of the most popular 3-D displays. Although these psychological studies are important in the investigation of stereoscopic 3-D display, physiological studies are needed to investigate the visual load of stereoscopic 3-D displays. 8, 9 One of the major problems with stereoscopic 3-D displays is that they can produce a mismatch between the focus ͑accommodation distance͒ and the fixation ͑convergence distance͒ of human eyes. That is, stereoscopic 3-D images may give different depth information to the accommodation function and to the convergence function. This problem is common in 3-D display systems such as head-mounted displays and displays that make use of a lenticular lens. The imbalance in visual information may be one of the reasons for the visual load and the visual fatigue associated with 3-D images. Studies of visual functions such as accommodation or convergence are needed for the development of better stereoscopic 3-D display technologies.
In the current study we investigated accommodative responses in a stereoscopic 3-D display using three kinds of experiments. In the first experiment, accommodative responses were measured immediately after the depth of the stereoscopic images was changed. The response was compared with the response measured with real objects in order to characterize accommodation responses to the step stimuli of 3-D images. In the second experiment, accommodative responses were measured when the observer fixated on stereoscopic images in an attempt to maintain single vision. This was done to study the characteristics of accommodation responses to steadystate 3-D images. Convergence responses were also measured in that experiment. The third experiment investigated the aftereffects of viewing 3-D images through the measurement of the accommodation response time after 10 min of viewing 3-D images. Results of these studies indicate that the accommodation responses to stereoscopic 3-D images-driven by convergence effort-are different from accommodation responses to real objects and that the 3-D images influence our accommodation functions.
Mismatch of Accommodation and Convergence
A major problem in stereoscopic 3-D displays is the mismatch between the accommodation distance and the convergence distance of human eyes. Although an observer's convergence changes when the observer looks at reconstructed 3-D images set at varying distances in a 3-D display, the required accommodation remains constant because the distance between the observer and the display screen is fixed ͑Fig. 1͒. This causes the mismatch of distance between accommodation and convergence. Such viewing conditions are significantly different from our normal viewing conditions under which the plane of convergence and the plane of accommodation almost coincide. In addition, it is known that there is interaction between accommodation and convergence and that each mechanism cannot be altered independently of each other. 10, 11 Therefore the mismatch of accommodation and convergence in a stereoscopic 3-D display might be one of the causes of visual fatigue related to 3-D images; however, little is known about the characteristics of these functions and their relation to 3-D images.
Many experimental studies of the interaction between accommodation and convergence have been carried out, and most of these have examined the characteristics of accommodation induced by convergence ͑vergence accommodation͒ or convergence induced by accommodation ͑accommodative convergence͒. [12] [13] [14] [15] These studies indicate that not all of the convergence effort or the accommodation effort contributes to other driven responses. The gain and the phase of both vergence accommodation and accommodative convergence are different from those of both accommodation and disparity convergence, 14 and these interactions between accommodation and convergence are velocity sensitive. 15, 16 There is experimental evidence about the aftereffects of accommodation and convergence that results from vergence accommodation and accommodation convergence, respectively. 16 There are two different viewing conditions for examining vergence accommodation or accommodative convergence: an open-loop condition and a closedloop condition. Under an open-loop condition, only one parameter affects the system, the other being held. For example, when we examine vergence accommodation, the clarity of the retinal image is forced to be independent of the amount of accommodation with the use of a small artificial pupil to increase the eye's depth focus or with the use of a feedback technique to maintain constant stimuli. 16 In a similar manner, the convergence demand for single vision can be bypassed by, for example, the use of a monocular target. On the other hand, under a closed-loop condition, changes in accommodation affect the retinal images, and change in convergence is required for single vision. Because viewing stereoscopic 3-D images affects both the clarity of the retinal image and the single vision, the viewing condition of a 3-D display is the closed-loop condition under which the stimulus of accommodation is set to be constant. Therefore studies on visual function under the closed-loop condition can be instructive for the stereoscopic display technologies.
Our experiments with the stereoscopic 3-D images described in this paper correspond to the examina- tion of vergence accommodation under a closed-loop. The first two experiments examined the vergenceaccommodation response to various convergence stimuli under a closed-loop condition, and the third experiment examined whether the closed-loop condition-with changes only in vergence stimuliaffects accommodation function after load. We discuss the results of accommodation response to 3-D images in terms of our findings about the characteristics of vergence accommodation under the closedloop condition.
Methods

A. Stereoscopic Three-Dimensional Display and Experimental Setup
In the experiments we used a time-sequential stereoscopic 3-D display system with liquid crystal shutters. The stereoscopic 3-D images were generated and controlled by a personal computer having 512 ϫ 512 pixel frame memories ͑Sharp X68000 CZ-611C͒, and they were displayed on a 14-in. CRT monitor ͑Sharp CZ-611D͒. Images for the left eye and images for the right eye were displayed alternately with a frequency of 60 Hz. The shutters ͑Victor STS220͒ were synchronized to the display refresh, giving images at 30 Hz for each eye.
The accommodation responses of the left eye were measured with an infrared optometer ͑Nidek Model AR-1100͒, which can record the dynamic response of accommodation objectively. In experiment 1, a pupil analyzer ͑Nidek Model IC-1100͒ that makes use of eye images from the optometer was also used for analyzing pupillary responses. The pupil diameter was calculated from the output of this pupil analyzer, which gave the pupil area. In experiment 2, convergence responses were measured with an eyemovement tracking system that makes use of cornea reflection ͑NAC EyeMarkRecorder Model V͒. The resolution of this tracking system was insufficient for examination of the convergence response that changed the eye direction slightly. To minimize artifacts derived from head motions, a chin rest and a mouth bite were used. As a result, the resolution was almost 0.5°, which was enough for our examination. Accommodation responses and convergence responses were measured separately because of the cross talk in the infrared light of both instruments. All outputs from the measurement instruments were recorded and analyzed by another computer ͑NEC PC9801UV͒ with an analog-to-digital converter at a rate of 50 samples͞s. The target images were displayed on a CRT monitor on top of the optometer ͑Fig. 2͒. Subjects viewed the binocular images through the shutters.
B. Target Images
The target 3-D image was a white-filled square ͑1 ϫ 1 degree of arc͒ with crossed lines that was generated by the personal computer. The image for the left eye was not moved because the optometer does not allow for large movements of the objective eye. The stereoscopic distance ͑convergence distance͒ therefore was controlled through the moving of images for the right eye to the left on the display so that the eyes crossed in front of the monitor or behind the monitor. The luminance of the target image through the shutter glasses was 8.8 cd͞m 2 . In experiment 1, normal two-dimensional ͑2-D͒ images that had no disparity were used as the realtarget stimulus. Two CRT monitors with images controlled by different computers were set with different viewing distances with the use of a half mirror, and the 2-D images on both monitors were switched by the computers. The target size of the 2-D images as real targets was controlled to be constant at 1 ϫ 1 deg of arc at any distance to make the condition equivalent to 3-D images and to avoid accommodation changes caused by changes in target size. 17 The luminance of the 2-D image was also controlled at 8.8 cd͞m 2 . The target in the optometer apparatus was used as the stimulus in experiment 3. The target position was changed between the far point and the near point of each subject at 5-s intervals.
C. Procedures
Experiment 1
After the 2-D image was displayed on the monitor for 10 s, it was exchanged for a stereoscopic 3-D image that was perceived to be in front of the monitor screen. The viewing distance to the screen was 100 cm, which corresponds to the accommodative stimulus of 1.0 diopter ͑dptr͒. Accommodation responses and pupillary changes in the subjects were measured during this sequence of images. The responses to the real-target stimulus were also measured with the 2-D image displayed on the other display, which was set at the same distance as that of stimulusreconstructed 3-D images after the 2-D images on the display set at the distance of 100 cm appeared for 10 s. 
Experiment 2
The stereoscopic 3-D target was displayed on the monitor to reconstruct an artificial stimulus at a given distance, and a subject was asked to fixate on the target to maintain a single image. Accommodation responses and convergence responses were measured separately while the single image was perceived, and 5 s of data were averaged. The viewing distance to the monitor was 100 cm.
Experiment 3
For 10 min a subject was required to watch stereoscopic images with given disparities. Accommodation response time to the step displacement of a real target was measured before and after the 10-min viewing, and the results of five trials were averaged.
D. Subjects
Three subjects, all university students, participated in this experiment. They were emmetropic and had normal stereo vision. Figure 3 shows an example response of accommodation after the stimuli of the 3-D target changed. Accommodation responses were larger than stimuli immediately after the stimuli of the 3-D target changed. Accommodation responses then changed to an almost constant value, smaller than the stimulus. We calculated the mean responses of accommodation and pupils by averaging the 5-s data 3 s after the stimuli changed. Figure 4 shows the mean responses of accommodation of subjects for the 3-D images and for the real object. The accommodation responses to the 3-D images became larger as the stimulus increased, but the accommodation responses to the 3-D images were smaller than those for real objects when the target was beyond 2.0 dptr, while statistical significance was found beyond 3.0 dptr.
Experimental Results
A. Experiment 1: Accommodative Responses when Three-Dimensional Images Moved
Pupil responses measured at the same time are shown in Fig. 5 . We found the rate of decrease of mean pupil diameter with respect to target location to be larger when looking at stereoscopic 3-D images than when looking at real objects. However, there were no significant differences at any point because of the large variance in data among subjects.
B. Experiment 2: Accommodative Responses when Fixating on Three-Dimensional Images
The mean changes in accommodation and convergence from the plane of the display are plotted in Fig.  6 as a function of the stereoscopic distance between the 3-D images and the display plane. The convergence and the accommodation changed in the same direction as the target position. The accommodation responded to almost the same position as that of the reconstructed 3-D images when the target was within 1.5 dptr, and overresponses were found beyond 2.0 dptr. 
C. Experiment 3: Accommodation Function after Viewing Three-Dimensional Images
We found that accommodation response time to a step displacement of real target after one looked at 3-D images was different from response time before one looked at them. Far-to-near response time, especially, was found to be longer after one looked at 3-D images than before one looked at them. Accommodation sometimes could not maintain a tonic state after one looked at 3-D images ͑Fig. 7͒.
The far-to-near response time that was measured after stereoscopic 3-D images were viewed is shown in Fig. 8 as a function of the binocular disparity of the 3-D images. The results show that the response time is longer with a large disparity but that there is no significant difference between the response times after 2-D images ͑image of disparity zero͒ and 3-D images ͑with a disparity of 1°͒ are viewed.
Discussion
Accommodation responses to the stereoscopic 3-D images in experiments 1 and 2 were elicited by convergence because there was no major stimulus to accommodation while convergence was stimulated with the motion of the 3-D images. Although accommodation responses are caused by various stimuli such as size changes, brightness, interposition, and perceived distance, 17, 18 the large responses of accommodation implied that the main cause of accommodation responses was the change in convergence, that is, vergence accommodation. There has been little consideration of the characteristics of accommodation in stereoscopic 3-D display technologies; however, our results showed that the changes in accommodation are so large that this phenomenon cannot be neglected without affecting improvements in the technologies.
The lack of distance information for accommodation caused results where the accommodation responses for 3-D images were smaller than those for the real objects in experiment 1. The findings of studies on vergence accommodation under a closedloop showed the amount of accommodation was unresponsive to the lower temporal frequency of binocular disparity. 16 These results may be related to the phenomenon of the depth of the stereoscopic 3-D display that is perceived is smaller than is expected.
In consideration of the influence of pupillary responses on the depth of focus, the results of experiment 1 were meaningful for accommodation responses. Given that the rate of decrease for mean pupil diameter with respect to target location was larger when one looked at stereoscopic 3-D images than when one looked at real objects, we can infer that the pupil was required to respond more strongly to 3-D images in order to compensate for defocusing that resulted from the changes in accommodation from the monitor screen. However, since there is a large variance of data in the results, without further examination we cannot conclude what role pupillary changes play in stereoscopic displays.
In experiment 2, accommodation responded to 3-D targets as if the targets were really there when the observer fixated on the images. This means that the convergence effort to perceive stereoscopic images as single images can largely change accommodation. The results were similar to those of studies on accommodation and convergence in a closed-loop with lenses and prisms. 19 As shown in experiment 2, our efforts to see binocular images in a single 3-D image may change accommodation from the screen to the degree that the images are perceived as blurred. These visual-function imbalances elicited by 3-D images may result in conflict between human visual systems especially when the disparity in the binocular images is large, thereby causing visual fatigue.
The results of experiment 3 show that the accommodation function changes after subjects view 3-D images. The influence of aftereffects on the accommodation function has been reported in research on the interaction between accommodation and convergence, 16,20 -23 and in research on visual display units. 24 The aftereffects in our results may be related to the problem of mismatch between accommodation and convergence in a 3-D display. The results also indicated that within the same limited range of disparity the influence of stereoscopic 3D images may not significantly affect human eyes. The findings of research on visual display units showed that the viewing distance influences the number of aftereffects on accommodation, 24 and we may be able to reduce the aftereffects in 3-D displays under appropriate viewing conditions. However, further investigation is needed to reveal the characteristics of these aftereffects.
Conclusion
The problem of mismatch between accommodation distance and convergence in stereoscopic 3-D images is a basic issue with 3-D display technologies; however, little research has been done on this problem. Our findings suggest that accommodation responds to stereoscopic 3-D images in a way that is different from the way it responds under normal viewing conditions and that viewing 3-D images confuses normal visual functions. The influence on our visual functions of viewing 3-D images is too significant for us to ignore. The use of such stereoscopic 3-D images will require additional research with stereoscopic 3-D displays.
